PAK1, a Tightly Regulated Kinase
================================

PAK1 is the first discovered member[@R1] of the mammalian PAK (p21-activated kinase) family, which comprises six proteins divided in group I (PAK1--3) and group II (PAK4--6) on the basis of their structural and functional features.[@R2]^-^[@R6] We will focus on the prototype PAK1 as its implication in cancer is well established and represents an ideal target for future personalized oncology treatments. Moreover its dynamics have been extensively investigated by various cell imaging approaches.

The biological functions of PAK1 are disparate and include actin dynamics, cell motility, cell cycle progression, cell division, gene transcription, cell proliferation and apoptosis.[@R2]^-^[@R6] However, it is still poorly understood how at molecular level PAK1 can perform such a variety of functions. A very reasonable assumption is that the fine control of localization and activation of PAK1 is the mechanism used by the cell to activate the right PAK1-dependent pathway according to the cell cycle status or in response to extracellular stimuli.

PAK1 is a downstream effector of the Rho-family GTPases, Rac1 and Cdc42. As all PAK proteins, PAK1 consists of a highly conserved C-terminal catalytic kinase domain and an N-terminal region with a regulatory role. The PAK1 regulatory domain contains (1) a GTPase-binding domain (GBD), (2) an auto-inhibitory switch domain (IS) and (3) several Pro-rich motifs that bind to SH3 domains of Nck and Grb2 adapters or of the PIX α/β exchange factors. Inactive PAK1 has a homodimeric trans-inhibited conformation, in which the N-terminal inhibitory IS domain of one PAK1 molecule binds and inhibits the catalytic domain of the other one in the dimer.[@R7] When GTP-loaded Rac1 or Cdc42 (the activators) bind to the N-terminal GBD domain, a series of PAK1 conformational changes is triggered, leading to disruption of dimerization, removal of the trans-inhibitory interactions and consequent acquisition of an active state for the kinase C-terminal domain.[@R7]^-^[@R9]

PAK1 activation by Rac1 and Cdc42 has been well established and biochemically characterized,[@R10] but this simple Rac1/Cdc42-PAK1 pathway explains only very partially the spatiotemporal regulation and the multiple cellular roles of PAK1. At least two levels of complexity need to be taken into account. First, there are also GTPase-independent mechanisms that regulate PAK1 kinase activity, such as phosphorylation by other kinases (including Etk,[@R11]^,^[@R12] PDK1[@R13] and Cdc2[@R14]^,^[@R15]), or interactions with other proteins; among the PAK1 partners, beside the already mentioned SH3-containing Nck, Grb2 and α/βPIX, it is worth mentioning the tumor suppressor Merlin[@R16]^,^[@R17] and the integrin-binding protein Nischarin[@R18] that both inhibit the PAK1 kinase activity. Second, PAK1 has kinase-independent functions that have been ascribed to its scaffold capacity,[@R19]^-^[@R21] i.e., PAK1 in some cases acts not by phosphorylating targets but by facilitating the assembly of multi-protein signaling modules.

In the past decade, the live cell imaging came in help of classical approaches, based on biochemistry techniques and immuno-fluorescence studies. Thanks to the developments of fluorescent protein fusions and of automated video-microscopes, we start to have the right tools to decipher the dynamics of PAK1 at high resolution, both temporally and spatially. Importantly, since PAK1 is normally auto-inhibited, it is essential to know not only where/when PAK1 localizes, but also where/when PAK1 is activated.

Multiple Cellular Localizations for the Multifunctional PAK1
============================================================

The functional versatility of PAK1 relies, at least in part, on its multiple cellular localizations ([Fig. 1](#F1){ref-type="fig"}). PAK1 is a cytosolic kinase that shuttles to specific cellular locations, including plasma membrane, adhesion sites, cell-cell junctions and nucleus. The dynamics of PAK1 localization contribute to its activation/inactivation, to the efficient phosphorylation of its targets, to the selection of binding partners and, consequently, to the specificity of its biological function.

![**Figure 1.** The multiple cellular localizations of PAK1. PAK1 shuttles between several subcellular sites. The various recruitment and activation mechanisms are all tightly controlled. At each of these localizations PAK1 performs distinct functions, by phosphorylating or interacting with specific targets.](cl-2-78-g1){#F1}

PAK1 translocates from cytosol to membranes
-------------------------------------------

Biochemical fractioning showed that PAK1 is both cytosolic and membrane-associated.[@R22] PAK1 translocation to membranes occurs upon stimulation by growth signals and it is mediated by interaction with Nck[@R23]^,^[@R24] and Grb2[@R25] SH2/SH3 adapters. Upon activation, the SH2 domains of Nck and Grb2 bind to phosphorylated Tyr residues of Tyr-kinase receptors, while their SH3 domains interact with the Pro-rich sequences in PAK1 N-terminal domain.

Recruitment of PAK1 to plasma-membrane is sufficient to partially stimulate its kinase activity, 10- to 20-fold.[@R26]^,^[@R27] By using a FRET (fluorescence resonance energy transfer)-based PAK1 biosensor ([Fig. 2A](#F2){ref-type="fig"}), it was found that membrane recruitment induces a slight conformational change of the PAK1 dimers, which shift from a closed to a semi-open state, leading to the partial PAK1 activation; full PAK1 kinase activity requires Cdc42 or Rac1 that dissociates dimers producing the open state.[@R28]

![**Figure 2.** Biosensors for PAK1 activity. (A) Design of a FRET-based PAK1 biosensor. The Pakabi biosensor is a fusion protein comprising YFP, aa 65 to C-terminus of PAK1, and CFP. In the inactive dimeric state, FRET can occur because of the proximity between donor CFP and acceptor YFP. In the active monomeric state, CFP and YFP are moved apart, and FRET is decreased. (B) Visualization of PAK1 activity. A Cos-7 expressing Pakabix (membrane-targeted version of Pakabi) and mRFP-Cdc42wt was imaged by live FRET-microscopy during cell spreading. Note the high PAK1 activity detected at the leading edge of protrusions. (C) Strategy for an affinity-reagent PAK1 biosensor. A variant of the IS domain of PAK1 was designed in order to efficiently bind the active open state of endogenous PAK1. The conjugated environment-sensitive dye undergoes fluorescence changes upon protein-protein interaction and allows monitoring the binding of the affinity reagent to the PAK1 kinase domain.](cl-2-78-g2){#F2}

Interestingly, membrane-localized PAK1 is hyper-responsive to GTPase stimulation,[@R28] possibly because of its proximity with Cdc42/Rac1 molecules at the membrane or because of a higher affinity of semi-open PAK1 for Cdc42/Rac1. Moreover, other mechanisms seem to contribute to PAK1 activation at the membrane: interaction with sphingolipids,[@R27] interaction with SH3-containing exchange factors α/βPIX[@R28]^,^[@R29] and possibly also *trans*-phosphorylation between PAK1 molecules.[@R28] Furthermore, the non-receptor Tyr-kinase Src, which localized on the plasma membrane, activates another non-receptor Tyr-kinase, Etk, by direct phosphorylating it at Tyr 566,[@R30] and Etk in turn activates PAK1.[@R11]^,^[@R12]

These findings indicate that Nck/Grb2-mediated PAK1 translocation from cytosol to plasma-membrane is a mechanism that stimulates its kinase activity. However, it is not a simple on/off switch; multiple intermediate PAK1 activation states do exist and are dictated by the intricate balance of various incoming signals.

PAK1 at the leading edge of protrusions
---------------------------------------

Phosphorylated active PAK1 is present at the tips of protrusions of moving cells, at membrane ruffles and at the periphery of spreading cells,[@R28]^,^[@R31]^,^[@R32] which are all sites where active actin remodeling is occurring. Indeed, PAK1 phosphorylates and/or interacts with various proteins involved in actin cytoskeleton organization, including LIM kinase[@R33] (an inactivator of the actin-depolymerizing protein confilin), filamin[@R34] (a cross-linker of actin filaments), p41-Arc[@R35] (a subunit of the nucleating and branching Arp2/3 complex), MLC (myosin light chain[@R36]) and MLCK[@R37] (myosin light-chain kinase). By the combinatory effect of phosphorylation of these targets, PAK1 regulates the dynamics of protrusions and of cell motility.[@R38]^,^[@R39] In particular, a Rac1/PAK1/LIMK/cofilin pathway has been proposed as spatial organizer of the lamellipodium and lamella actin networks.[@R40] LIM kinase is responsible for at least two distinct PAK1-dependent diseases, the metastasis/invasion of cancer cells, and neuro-cytotoxicity in Alzheimer disease.

PAK1 at adhesion sites
----------------------

PAK1 has been observed at adhesion sites[@R39]^,^[@R41]^-^[@R43] and is considered a transient component of the integrin adhesome network.[@R44] Localization of PAK1 to adhesion sites is mediated by its binding to PIX proteins, which associate with GIT proteins (G protein coupled receptor kinase interactor) that are direct partners of paxillin, a central component of focal adhesions.[@R19]^,^[@R45] Biochemical studies suggested that GIT and PIX are not simply binding partners, but rather constituent subunits of a large multi-protein complex, which can bind PAK1 to form a tri-molecular PAK-PIX-GIT signaling module.[@R46]

The use of TIRF (total internal reflection fluorescence) microscopy allows quantitative measurements on rates of adhesion assembly and disassembly. This technique revealed that PAK1 activity directly controls adhesion dynamics. Indeed, constitutively activated PAK1 accelerated both assembly and disassembly rates[@R32]; conversely, inhibition of PAK1 (by expression of the PAK auto-inhibitory domain, AID, aa 83--149 of PAK1) impaired both assembly and disassembly rates, significantly increasing adhesion lifetime.[@R39] Moreover, adhesions of cells in which PAK1 was inhibited by AID or by RNAi silencing were longer and thinner, with an increased distribution throughout the ventral cell surface and a reduction of the zyxin protein component (a marker of mature adhesions).[@R39] These results together indicate that PAK1 regulates assembly, maturation and turnover of adhesions.

One molecular mechanism used by PAK1 to execute its function at adhesions has been well described: it is the phosphorylation of paxillin on serine 273 (S273). PhosphoS273-paxillin efficiently binds GIT, promoting the localization of the PAK-PIX-GIT module near the leading edge of cell protrusions.[@R32] Therefore, PAK1 acts both upstream and downstream of S273-paxillin phosphorylation in a positive feedback loop. S273-paxillin phosphorylation increases cell migration, protrusiveness and adhesion turnover.[@R32] Since PIX is a Rac1 activator (via its GEF exchange factor activity) and PAK1 is Rac1 effector, it is possible that the phosphoS273-paxillin-PAK-PIX-GIT complex contributes both to activate Rac1 at the leading edge[@R47]^,^[@R48] and to transmit its downstream signaling via PAK1.

Importantly, continuous GDP/GTP cycling of Rac1 appears to be required for adhesion turnover,[@R32] for the organization and dynamics of protrusions, and consequently for cell migration.[@R49] It is tempting to speculate that Rac1 cycling, PAK1 activation-inactivation cycle and adhesion turnover are dynamically connected, but the underlying molecular mechanisms still have to be discovered.

Deregulation of PAK1 localization and function at adhesions may have dramatic consequences. For example, it has been reported that certain breast cancer cell lines have endogenous hyperactive PAK1 because of its PIX-mediated mislocalization to atypical adhesions.[@R41]

PAK1 at cell-cell junctions
---------------------------

In epithelial cells PAK1 has been observed at regions of E-cadherin-mediated cell-cell contacts.[@R43] More specifically, the PAK-PIX-GIT complex seems to translocate from cell-matrix adhesions to cell-cell contacts and to be involved in the establishment of contact inhibition of proliferation.[@R43]^,^[@R50] In cells reaching confluence the kinetics of lateral recruitment of βPIX (presumably associated with PAK1) were accurately analyzed by confocal microscopy and turned out to be much slower than that of β-catenin, a component of adherens junction; it was necessary to wait 5--6 days after establishment of cell-cell contacts to achieve a complete lateral recruitment of βPIX-containing complexes.[@R50] Moreover, inhibition of PAK1 (by kinase-dead PAK1 K299R or AID domain expression) did not affect the integrity of junctions,[@R50]^,^[@R51] even though it impairs contact inhibition.[@R43] These data are consistent with the conclusion that PAK1 is not necessary for establishment of cell-cell contacts, but rather for the signaling triggered by the assembly of the contacts themselves.

PAK1 kinase activity is transiently activated by junction assembly. A recently discovered target of PAK1 at this cellular location is Ajuba, an actin-binding LIM-domain protein that colocalizes with cadherins.[@R52] Ajuba interacts with both inactive (GDP-bound) and active (GTP-bound) Rac1. T172-Ajuba phosphorylation by PAK1 increases the affinity of Ajuba for active Rac1, stabilizing the presence of Rac1-GTP at junctions,[@R52] which is known to be important for junction maintenance in epithelia. It was found that PAK1 inhibition by AID domain or by the IPA3 inhibitor[@R53] (1) does not perturb assembly of cell-cell contacts, but rather their maintenance, as assessed aggregation assays, and (2) impairs F-actin recruitment to cadherin complexes, as assessed by F-actin clustering experiments.[@R52] Thus, a Rac1-PAK1-Ajuba feedback positive loop seems to participate in the stabilization of preassembled cadherin complexes and in the actin remodeling associated with junction formation. Finally, PAK1 was also shown to be required for the disruption of adherens junctions induced by constitutively active Rac1.[@R51]

PAK1 in the nucleus
-------------------

Endogenous PAK1 localizes inside the nucleus of roughly 20% of the interphase cells.[@R54] Three nuclear localization signals (NLS) were identified in the PAK1 N-terminal domain[@R55] and the one spanning residues 243--245 is the most critical for PAK1 nuclear import; interestingly, the interaction of PAK1 with the dynein light chain LC8 protein is required for PAK1 nuclear localization.[@R56] What does PAK1 do in the nucleus? Experiments with zebrafish showed that the presence of PAK1 in the nucleus is necessary for vertebrate development.[@R56] Various evidences supported the notion that PAK1 is involved in regulation of gene expression, potentially by direct binding to promoters and/or transcription regulators.[@R3]^,^[@R6]

Again, deregulation of PAK1 localization may have dramatic consequences: a correlation has been found between PAK1 nuclear localization and tamoxifen resistance in breast cancer patients.[@R57] In fact, inactivation of PAK1 by PAK1 blockers such as FK228, suppresses almost completely the growth of tamoxifen-resistant breast cancer xenografts in mice.[@R58]

PAK1 during mitosis
-------------------

Activated PAK1 localizes to specific structures during mitosis: the chromosomes during prophase, the centrosomes in metaphase and the contraction ring during cytokinesis.[@R54] These localizations underlie the role of PAK1 during mitosis progression.[@R3]^,^[@R5]^,^[@R6] The PIX-GIT complex is responsible for PAK1 localization to the centrosome, where PAK1 undergoes activation by a GTPase-independent mechanism. Once activated, PAK1 dissociates from PIX-GIT complex and phosphorylates its mitotic targets.[@R59] Among them, the Aurora kinase A and the Polo-like kinase 1 (Plk1), two key players of mitosis, are directly activated via phosphorylation by PAK1, on T288/S342 and on S49, respectively.[@R59]^,^[@R60] Interestingly, both Aurora kinase A and B are essential for the growth of a variety of cancers such as breast and colon cancers, and inhibitors of these kinases such as VX-680 block their growth in vivo.[@R61]

New Tools to Study Live Dynamics of PAK1 Activity
=================================================

Antibodies that recognize phosphorylated, i.e., activated, PAK1 are commercially available and can be used for immunofluorescence studies. However, such approaches on fixed cells provide only static pictures of PAK1 activity in the cell and are not very informative on temporal dynamics. Recently, a couple of strategies have been proposed to investigate PAK1 activity in living cells.

FRET-based PAK1 biosensor
-------------------------

FRET (fluorescence resonance energy transfer) is a non-radiative transfer of energy from a donor to an acceptor fluorophore when they are in proximity (typically less than 10 nm). This physical phenomenon is now exploited by biologists to study cellular events at molecular scale by fluorescence microscopy. In particular, FRET-based biosensors are fusion constructs, encoded by transfectable plasmid and designed to probe intracellular activities. The pioneers "camaleon" and "Raichu" biosensors allow monitoring Ca^2+^ production[@R62] and activity of Ras oncogene,[@R63] respectively. A biosensor for PAK1, called "Pakabi," was designed by fusing two fluorophores (YFP and CFP) at the N and C termini of PAK1. In the inactive dimeric state, the YFP and CFP proximity allows FRET to occur. Upon activation, the dramatic PAK1 conformation changes move away the YFP acceptor from the CFP donor, reducing FRET ([Fig. 2A](#F2){ref-type="fig"}). An appropriate microscope was used to acquire CFP and YFP fluorescence, the CFP/YFP ratio was calculated and used as measure of PAK1 activity. This novel PAK1 biosensor allowed the spatiotemporal visualization of PAK1 activation at the plasma membrane of nascent protrusions during cell spreading and motility[@R28] ([Fig. 2B](#F2){ref-type="fig"}).

The creation of Pakabi required some compromises. A first limitation is that the first 64 amino acids, including the Nck and Grb2 binding sites, had to be removed because the high flexibility of this fragment was not compatible with an efficient FRET. Second, only the artificially membrane-targeted version (Pakabix) achieved a sufficient signal-to-noise ratio for live imaging. Consequently, Pakabix can measure the activation events only if they are occurring at plasma membrane, but cannot detect activation events that are dependent on PAK1 translocation. Keeping in mind these limitations for general spatiotemporal studies, Pakabi and Pakabix remain very useful tools to detect processes and mechanisms that activate PAK1 in vivo via conformational changes.

Affinity reagent derived biosensor for PAK1
-------------------------------------------

An alternative type of biosensors are designed to detect the activation state of endogenous proteins by using peptides, "affinity reagents," that bind only to the active state of the proteins of interest; this strategy was successfully used to generate a biosensor for the GTPase Cdc42.[@R64] Upon activation, PAK1 switches from a closed dimeric to an open monomeric conformation, in which the interaction between IS domain and kinase domains is broken. A peptide capable to interact with the IS binding site on the PAK1 kinase domain would be an ideal affinity reagent. Two different approaches have been tried to design an affinity reagent by molecular modeling. In the first approach, a structural homolog of IS domain was redesigned on the surface to have interactions with the kinase domain in the open state of PAK1.[@R65] In the second approach, a high-affinity variant of the IS domain (aa 83--137) was engineered and inserted into a loop in a host CFP protein **([**Fig. 2C**](#F2){ref-type="fig"})**. This construct, named CFP-PAcKer, binds with good affinity to full-length open PAK1, but not to closed inactive PAK1. Binding can be monitored in vitro by addition of an environmentally sensitive fluorescence dye on CFP-PAcKer.[@R66] Next step for these promising strategies will be the validation in living cells.[@R67]

Conclusion
==========

A large amount of information has been gathered on PAK1 biology since its discovery in 1994[@R1] by using a variety of approaches. All these efforts allowed the addition of many pieces to the PAK1 puzzle. It is now clear that PAK1 activity is tightly regulated in space and time and that this tight control is necessary for PAK1 to execute various cellular roles. The future challenge is to improve the observation resolution, both at temporal and spatial scale. This challenge is taken up by the cutting-edge cell imaging technology with the development of fast-acquisition and super-resolution microscopes that paves the way to finally obtain a clear and complete description of the intricate PAK1 localization dynamics. In parallel, the generation of novel molecular imaging tools, in particular of biosensors for PAK1 activity, will be essential to study the relation between PAK1 localization and activation.
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